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Abstract

In this paper, we report a study of the perovskite phases, BaFeqsC00.3Nbo.103.5 (BFCN) and BaCoo.7Ybo.2Bio.10s.
s (BCYB), as possible air electrode materials for solid oxide cells (SOCs). The crystal structures and thermal
and chemical expansion properties are reported, and the stability evaluated in different atmospheres. The
thermal expansion data show unusual behaviour, with apparent negative thermal expansion (NTE) behaviour
at low temperatures (100-240°C) up to -11.6x107® K™* for BFCN and up to -17.3x107% K™* for BCYB. This NTE
behaviour is related to water incorporation at lower temperatures, which is then lost in this temperature
range upon heating. In order to examine the potential of these materials for use in a solid oxide electrolyser
(SOE), the stability at elevated temperatures in the presence of water was evaluated, which indicated that

water vapour leads to increased degradation at SOC operation temperatures.

Keywords: negative thermal expansion, perovskite, solid oxide cell, water incorporation

1. Introduction

Solid oxide cells (SOCs) are attracting considerable interest due to their high efficiency in energy conversion
as both solid oxide fuel cells (SOFC) and solid oxide electrolysers (SOE). However, there are still many
problems related to the chemical stability and reliability of the components, due to the high operating
temperatures of 650 to 950°C. It is a known fact that the performance of the air electrode is one of the most
important factors that limits SOC performance. Therefore, a lot of research in recent years has concentrated
on the development and optimisation of air electrode materials for SOCs [1-3]. The SOC air electrode must
exhibit high electronic and ionic conductivity, mechanical and chemical stability in the temperature range
500 to 950°C and at the oxygen partial pressure of 1x10™° to 1 atmosphere. Widely studied air electrodes can
be divided into two groups: materials which are predominantly electronic conductors like Lai1xSr«MnOs.5
(LSM) [4] with poor ionic transport properties, and a group of mixed oxygen and electronic conductors (MIEC)
such as Bao sSrosCoosFeo.203.5 (BSCF) [5-7] or LageSro.4Coo2Fens0s.s (LSCF) [8,9]. The mixed-conducting class of
materials also includes a subclass of Triple Conducting Oxides (TCO) [10,11] that exhibits high levels of

conductivity of three charge carriers: oxygen ions, protons, and electron holes (or electrons). The triple
1

*


mailto:a.j.majewski@bham.ac.uk
https://www.editorialmanager.com/jmsc/download.aspx?id=2059553&guid=dbe265f5-2e2a-411f-80a1-ff0a0846a04f&scheme=1
https://www.editorialmanager.com/jmsc/download.aspx?id=2059553&guid=dbe265f5-2e2a-411f-80a1-ff0a0846a04f&scheme=1
https://www.editorialmanager.com/jmsc/viewRCResults.aspx?pdf=1&docID=118148&rev=2&fileID=2059553&msid=71324b27-7862-4d76-ae82-cc7f5b4f3ae7

©CO~NOOOTA~AWNPE

(e”/O*/H*) conducting oxides are relatively rare due to the challenge related to H*/e™ recombination issues
[12]. Existing electrodes used in SOE and SOFC that represent TCO behaviour are typically composites made
of proton conductors mixed with electron-oxygen conductors [12-15]. Protonic ceramic fuel cells allow the
potential to obtain exceptional power densities and long term stability at a low temperature of 500°C [14].
Therefore, all reports that can relate the water incorporation characteristics to the crystal structure of MIEC
are of high value.

For SOC materials, the match in the thermal expansion coefficient (TEC), al, of components is a very
important factor that determines their practical application. Mismatch in TEC leads to interfacial mechanical
stress and may consequently result in delamination or crack formation. Usually, cell materials are therefore
selected according to the TEC of the chosen electrolyte. The most common 8YSZ electrolyte has a thermal
expansion coefficient of 10.5x10° K, leading to an expansion of 10.5 nm of a sample of 1 mm length during
heating by 1 K [16]. The mismatch between the TEC of an electrolyte and the respective electrodes should
be as low as possible and must be less than 50% of the electrolyte thermal expansion to prevent any negative
mechanical effects [17].

Most materials expand on heating and shrink upon cooling (under constant pressure). The asymmetry of
interatomic potential results in a positive coefficient of thermal expansion (PTE). However, contraction upon
heating can be observed for some materials [18]. For solid materials, many physical or physicochemical
processes can cause the phenomenon of negative thermal expansion (NTE) with an increase in temperature.
The most frequently reported ones are phase transitions (ice/water), electronic valence transitions [19-21],
ferroelectric ordering [22-24], contraction of zeolites (siliceous or ZrW,0g) by changing in bridging M-0O-M
bond angles [25-27], or orbital and magnetic ordering [28]. While there have been some reports of perovskite
materials with NTE during the last three decades [29-33], such observations are unusual as perovskites in the
form ABOs generally do not exhibit NTE properties [30]. Another factor that is important for thermal
expansion characteristics, particularly for perovskite systems in SOC operation, are the changes to the
composition. For example, it is a well-known fact that the formation of an oxygen vacancy in perovskites
results in the expansion of their lattice because of the reduction in the transition metals (TM) oxidation state.
As an example, such chemical expansion is responsible for around 20-30% of the overall thermochemical
expansion for the LSCF electrode heated in the air [17]. The shrinkage behaviour of SOC materials has also
been observed and is attributed to a chemical process, with the oxidation of Ni to NiO [34] as a typical
illustration. In terms of overall SOC operation, it is therefore important, that materials can expand/contract
thermally and chemically simultaneously to avoid stress build-up. Therefore, in the analysis of expansion
data, distinguishing between processes is important, with the presence of chemical expansion resulting in
non-linearity in the overall lattice expansion. Indeed, for proton-conducting ceramics, the TEC can be affected
by chemical expansion related to the hydration reaction that results in an increase in the crystal lattice size
due to water incorporation [35]. Oxygen vacancies act as sites for proton incorporation in a humid

atmosphere with the following processes possible due to either water or oxygen incorporation:
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H,0 + V3* + 0% < 20H} (1)

H,0 + 2h* + 20§ & 20Hg +0,(g) (2)

20,(9) + V§* © 0F + 2h° (3)
where Vy* is an oxygen vacancy, 0} an oxygen site in the host lattice, OHJ a hydroxyl group in the hydrated
structure (a proton attached to lattice oxygen), and h*® represents an electron hole (corresponds to oxidation
of the transition metal). For proton-conducting electrolytes, the hydration is the only chemical expansion
process since the metal oxidation states are typically independent of py,[36]. Mufioz-Garcia and Pavone [12]
reported that changes to the cell size of proton-conducting perovskites can be explained by the formation of
OH-0 hydrogen bonds that distort the average perovskite structure and modify the TM-O-TM bond angles
when hydrated. It was reported [37] that for proton-conducting electrodes in reducing conditions, the
hydration process should be conducted at the operating temperature to reduce stress related to the resultant
cell expansion. The changes in lattice size due to the chemical process of dehydration depend on the dopant
concentration which affects the level of oxygen vacancies available for water incorporation [38].
Most reported studies on perovskite candidates for SOC devices have dealt with the impact of temperature
on thermal expansion. Studies that consider the effect of moisture in the synthesis and in the testing process
are rare. As reported by many authors [39,35,40,13,15,17,41], water is incorporated into oxygen vacancy
sites in perovskite systems. Despite recent progress, the understanding of the interaction of the transition
metal-containing perovskite electrodes with moisture, and their phase stability (at SOC conditions) is lacking.
This is especially important with the increase in the application of proton-conducting SOCs, where the
moisture content at the air electrode can be much higher than 4% [42]. Therefore, developing new SOC air
electrode materials and understanding the proton incorporation behaviour is of key scientific and technical
importance.
BaFesC00.3Nbo.1035 (BFCN) and BaCog7Ybo2Bio.10s.5 (BCYB) are interesting candidates for SOC. BaFeix
yCoxNb,03.5 (BFCN) was reported to have an electric conductivity around 15 S cm™ but the very high oxygen
transport properties with Dchem value of 4.51 x 107> cm? s71 at 650°C makes it a very interesting candidate for
a SOC electrode [43]. BFCN requires Nb doping above y=0.08 for pure cubic structure, while below that value
it shows mixed cubic/hexagonal structure [44]. Higher Fe content in BFCN was reported to improve the
stability, however, electrical conductivity and oxygen permeability are lower [45]. Also deficiency at the A-
side Bagy of BFCN was reported to improve stability [46]. BCYB is a much less known material, with the
trivalent Yb element added for the creation of oxygen vacancies and the possibility for mediating water

incorporation and hence generating the protonic conductivity similar to proton-conducting electrolytes.

In this work, we investigate the thermal expansion behaviour and stability of the perovskite systems
BaFeosC003Nbo.1035 (BFCN) and BaCog7Ybo:Bio10s.5 (BCYB). Both structures are cubic perovskites as

synthesised. In our exploratory study of the BaFeg.o.xCoxNbo.1035 solid solution, x=0.3 was the highest Co
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composition for which preliminary results indicated a cubic cell. For BaCog.7Ybo.2Bi0.10s-5, exploratory studies
showed that through Yb and Bi co-doping, a cubic perovskite could be obtained without Fe. Both selected
materials show evidence for the incorporation of water and that makes them potential candidates for proton-
conducting cells. Dilatometry and XRD studies showed negative TEC at low temperatures. The observed
negative TEC was shown to be associated with temperature-induced desorption of water, which is discussed

in this paper.

2. Experimental
2.1. Materials synthesis

Samples of BaFeo.sCoo.3Nbg.1 Os.5 (BFCN) and BaCoo.7Ybo.2Bio.103-5 (BCYB) were prepared via the conventional
solid-state reaction method. Analytical-grade powders BaCOs;, Fe;0s, Cos04, Nb20Os, Yb,O3 and BiOs,
(commercially available) were initially mixed with a mortar and pestle, according to the molar ratios of
Ba:Fe:Co:Nb=1:0.6:0.3:0.1 and Ba:Co:Yb:Bi=1:0.7:0.2:0.1. The obtained mixtures were heated first at 950°C,
ground and heated at 1,050°C (BFCN) and 1,100°C (BCYB) for 12 h in ambient air. Sintered samples were then
crushed, ground and sieved through sieve 100 nm and used for analyses and pellets preparation.

To prepare cylindrical pellets (8 mm diameter), samples of the synthesised powders (0.5 g) were cold-isostatic
pressed at 10k psi. All pellets were sintered in air at 1,100°C, for 4 h at a heating rate of 5°C min™. The density

of the sintered pellets was 4 determined by gas pycnometer micrometrics AccuPyc Il.

2.2. Characterisation

The two obtained BaFesC00.3Nbo.1 O3-5and BaCoo.7Ybo 2Bio.103-5 materials were characterised using standard
measurement techniques. The linear thermal expansion of pelletised materials was assessed using a Netzsch
DIL402C dilatometer according to ASTM E228-17 [47] with alumina as the reference material in the dry air
flow of 50 ml mintin the range 25 to 1,000°C, at a heating rate of 5°C min*. Temperature-dependent mass
change profiles (TGA) in dry air (p0,=0.21 atm, 50 m|l min'!) were obtained using a Netzsch 209F1 instrument,
evaluated between room temperature and 1,000°C, at a heating rate of 5°C min?, corrected for the
instrumental error. Samples (10 to 20 mg) of the sintered perovskites were also examined by temperature-
programmed oxidation (TPO). TGA and differential scanning calorimeter DTA analyses in N, (50 ml min?)
were conducted using a Netzsch STA 449 instrument coupled to a mass spectrometer Netzsch QMS 403.
Hydration of the air electrode powders was analysed by isothermal TGA measurements using the Netzsch
209F1. Samples were dehydrated at 900°C in dry air:N; 1:1 mixture (N, as protective gas), the temperature
was lowered to 300°C and after reaching equilibrium (around 130 min) humid air:N, (pH,0=0.02 atm) was
connected.

The crystal structure of the samples was determined by powder x-ray diffraction (XRD). XRD patterns (room
temperature and high temperature) were collected with a D8 ADVANCE (Bruker) diffractometer with Cu Ka

radiation. XRD patterns were collected in the temperature range 25 to 900°C (heating rate 5°C min’), with 1
4
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h temperature stabilisation at each measured step. The structural refinements of the XRD scans (the lattice
parameters and phase fractions) were analysed with GSAS-II software based on the Rietveld method [48].

Analysis of the microstructure and chemical elemental composition were conducted using an SEM Hitachi
TM3030Plus equipped with EDS. High-resolution TEM scans were obtained using an FElI Talos 200X
Scanning/Transmission microscope (S/TEM) with EDS. TEM scans were analysed using GATAN software. All

analysed samples were in the sintered at 1100°C powder form.

3. Results and discussion

3.1. Phase analysis

12000 4

¥ X obs B X obs
15000 (A) — calc ( ) — calc
| BaFe0.6C00.3Nb0.103-d 10000+ | BaCo0.7Yb0.2Bi0.103-d
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Fig.1. Observed, calculated and difference XRD patterns for (A) BaFesC00.3Nbo.1 Os.sand (B)
BaCOo,7Ybo,zBio,103.z‘> at 25°C.

Fig.1 shows the XRD patterns and the results of Rietveld refinements for the synthesised BFCN and BCYB
powders (at 25°C). All the diffraction peaks could be indexed to a cubic structure with space group Pm-3m
(Fig.1) according to the refinement by software GSAS-II. For BFCN the cell length was a=b=c= 4.07667(12)A,
with cell volume V= 67.751(6)A3, and the goodness-of-fit (GOF) was 1.49. For BCYB the cell length was a=b=c=
4.1845(5) A, cell volume V= 73.272(26)A3, the GOF was 1.57. The lattice parameters of these new perovskite
systems are not available in literature, but for the similar structure of BaCo1x.,FexNb,Oss (x=0.2-0.8, y=0.2-
0.5), the lattice constants of the cubic phases were reported from 4.05 to 4.06 A [49], which is similar to the
results obtained here for BFCN. The theoretical density of BFCN was 6.032 and for BCYB 6.480 g cm3, as

calculated from of Rietveld refinements of XRD scans.

3.2. Microstructure - TEM
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Fig.2. HR-TEM images of the structure of BaFeosCoo3Nbo.1 035 (A) and magnified areas (B) and (C); (b) and

(c) show the normalised intensity across lattice profiles.

The morphology and size of particles were analysed by SEM (Fig.9A and C - discussed later) and TEM (Fig.2
and 3). Fig.2A shows the TEM results for BFCN. The crystallites were spherical, with an average size of 5 to
10 nm. The analysis of TEM scans for BFCN revealed the existence of well-ordered structures composed of
grains with a uniform spacing (Fig.2B and C). Fig. 2b and c show the nominal intensity of the lattice cross-
section perpendicular to the planes for two different grains. The distance between planes around 0.3 nm
corresponded to the d-spacing between [110] planes of the structure d=av/2. These TEM data confirm that

BFCN has a uniform crystal structure.
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Fig.3. HR-TEM images of the structure of BaCoo7Ybo2Bio.103-5. (A) and the magnified areas: (C) the dominant
lattice structure; (B) and (D) the 2D-type lattice structure (marked with the yellow dashed line in part A);

(b1), (b-2) and (c-1) show the normalised intensity across the lattice profiles.

In contrast to BaFep¢Coo.3Nbo1 Os.5 (BFCN), the TEM data for the perovskite BaCoo7Ybo2Bio.103.s (BCYB) was
more complex showing some interesting differences, which may be due to the presence on the B-site of
cations with significantly different ionic radii. High-resolution TEM scans for BCYB revealed an added
complexity and the formation of two distinct features. What was believed to be a single-phase structure (at
room temperature, XRD-Fig.1B) appeared to be a mixture of two phases. The TEM analyses were executed
at multiple areas of the sample, with a sample result presented in Fig.3A. A vertically aligned phase was visibly
embedded in the dominant bulk phase as presented in Figs.3A and B. However, EDS scans did not reveal any
significant changes in sample composition in the different regions. Fig.3b-1, b-2 and c-1 present the nominal
intensity of the planes in cross-sections perpendicular to lattice structures. The dominating bulk lattice
structure had a distance between layers of around 0.3 nm (Fig.3C-c1), which could represent the d-spacing
between [110] planes of the structure as for BCYB. The nature of the second phase is unclear at the moment.
XRD at room temperature suggested a single-phase perovskite, however, at elevated temperature; the
presence of two perovskite phases was detected (see XRD results at elevated temperature Fig.6b and 7c-d).

Future studies are required to clarify this complex nature.

3.3. Effect of temperature on thermal expansion and mass change

Thermal expansion characteristics of the sintered BFCN and BCYB materials were evaluated using dilatometry
and high-temperature XRD. Figs.4 A and B display the linear thermal expansion AL/L (black curves) and TGA

7
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analyses (red curves) of the BFCN and BCYB samples (samples were analysed in the temperature range 25 to
1,000°C in dry air). The pellets used for the dilatometry measurement had density 80-90%.
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Fig.4. Linear thermal expansion AL/L and mass change (TGA) data for (A) BaFe.sC00.3Nbo.103.5 and (B)
BaCoo.7Ybo2Bin.103.5 (25 to 1,000°C in dry air). Water evolution, as detected by the mass spectrometer, is

represented by the blue curves (test in N2 50 ml min).

Fig.4A and B show evidence for a weight loss, with mass spectrometry results (mass 18) showing that this is
due to loss of water. The water was incorporated into the structure after exposing sintered samples to humid
air (p02=0.20, pH,0=0.04 atm) at room temperature for a minimum 24 h. The thermal expansion behaviour
(dilatometry) of sintered BFCN and BCYB samples showed that this water loss resulted in sample contraction.
The TGA mass change profiles (Fig.4) present a similar weight loss of around 2% observed for both BFCN and
BCYB samples under dry air pO,=0.21 atm. The rapid weight loss that occurred at temperatures below 200°C
can thus be related to desorption of water. The BCYB sample showed a higher mass loss associated with
water release, indicating greater water content for this phase; the mass change was -1.4% compared to -
0.35% for BFCN. At higher temperatures (onset temperature around 350°C for both samples) further mass loss
was observed, which can be attributed to oxygen loss and thus a reduction in Fe/Co oxidation state, as observed
for other Fe/Co based perovskite electrode materials [50,51]. Only oxygen and water were detected by mass
spectrometer with increase in temperature (test in Ny).

For similar samples of BaFei.«yCoxNb,Os.5 (BFCN), but with much higher Co content, NTE was not observed [43,46].
The reason for different expansion properties could be the higher Fe content and the related higher lattice
parameter for the presented in this work BFCN. Waidha et al. [52] analysed water incorporation to BaFe;.«CoxOss
structures and observed that the amount of water the sample can incorporate (and at the same time the
possibilities of related negative thermal expansion upon heating and water release) strongly depends on the Fe:Co
proportion. It was reported that the basicity of the oxide ions is another key parameter for water incorporation
[15].

As highlighted above, the thermal expansion results (Fig.4) showed evidence for apparent NTE in a small

temperature range attributed to chemical contraction due to water loss. The NTE was observed above 100°C

8
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for BCFN and above 130°C for BCYB. The observed temperature range for this process was 140°C for BFCN and
110°C for BCYB. For BFCN the observed linear NTE alL was -11.6x10® K (100 to 240°C) and the largest
negative slope for the linear TEC corresponded to al of -20.7x107® K (150 to 210°C). For BCYB the NTE al
was -17.3x10° K (130 to 240°C) and the largest negative slope for TEC corresponded to al of -24.0x10° K*
(150 to 210°C). For both samples, the shrinkage step concluded at 240°C and above this temperature, the
TEC changed to positive, with al=19.3x10° K for BCFN and alL=17.7x10° K for BCYB. The high overall TEC
in this range can be attributed to the significant Co content at the B site, 30% for BFCN and 70% for BCYB. It
has been shown previously that high Co concentration increases the TEC but improves the catalytic activity
for exchange reactions on the electrode surface [53]. This can be in part explained [54] by the fact that Co
has a tendency to change from low to high spin at elevated temperature resulting in an additional increase
in ionic radii and consequently higher TEC. The higher TEC for BFCN is probably due to the high (90% of B site)
transition metal content.

The change to the linearity in thermal expansion at a temperature above 450°C (Fig.4) can be attributed to
the contribution of chemical expansion due to the reduction of transition metals (change to ionic radii) that
is associated with oxygen loss and the oxygen vacancy formation. The tested materials BFCN and BCYB
contained transition metals Fe/Co and Co respectively, which adopt a lower oxidation state on oxygen loss
that has a larger ionic size and then results in the cell volume expansion of the cubic phase. The influence of
changes in oxygen nonstoichiometry on lattice expansion was confirmed by the observed mass reduction
(TGA measurements presented in Fig.4). The observed nonlinearity in TEC at a temperature above 900°C
could be due to a drop in the contribution of chemical expansion to the overall thermal expansion, with most
available Fe and Co already reduced and/or converted to higher spin.

To confirm that the observed NTE range was related to water loss from the structure, TGA measurements
were performed in N, (with the evolving gas analysed by a mass spectrometer). A clear peak for the mass 18
(corresponding to water) data was observed at the detected NTE region. This peak was observed for both
samples. The observed NTE and the fact that the desorption of water occurred at a temperature higher than
100°C indicated that the water was incorporated into the structure. The slow release of water upon heating
(Fig.4A-B), with the peak observed at 150°C and the end of the process at around 600°C, suggests a strong

interaction with the crystal structure.
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Fig.5. A) Linear thermal expansion AL/L for BaFe¢C00.3Nbo.103.5 100-300°C in dry air upon temperature
change. B) Mass changes for BFCN 128 mg and BCYB 102 mg of powders after the isothermal switch at
300°C from dry air:N; mixture to humid air:N, pH,0=0.02, p0,=0.10 atm.

The observed desorption of water at the temperature where the NTE was observed (Fig.5) prompted further
investigation of the samples. Samples of BFCN and BCYB were heated to 300°C and cooled down to 100°C.
The cycle was repeated three times in the dilatometer in a loop (Fig.5). Fast cooling of the chamber was
achieved by circulating water through an external chiller. The NTE was observed only during the first-time
heating for both BFCN and BCYB in dry conditions. After the first heating step, the sample behaved as a
standard PTE material. This confirms that the initial presence of moisture in the samples gives rise to the
apparent NTE. Interestingly, if a sample was left overnight at room temperature and ambient air conditions
(around 4% H,0), water incorporation occurred again and the NTE behaviour returned, thus showing that
these perovskite systems show a tendency to incorporate water at low temperatures suggesting the
reversible process of water incorporation and release.

Both materials (powders) were heated to 900°C and cooled to 300°C with 130 min stabilisation to dehydrate.
After isothermal switching to humid air condition (air:N; 1:1, pH,0=0.02, p0O,=0.10 atm) both BFCN and BCYB
showed weigh increase by exposure to water vapour at 300°C in air. BFCN mass increased by 0,11% and BCYB
by 0.03% when switched from dry to the humid atmosphere (FigbB). The gain is attributed to the
incorporation of water (hydration) that depends on defect structure. Overall, the results confirmed that both
materials can incorporate water and the desorption of water was responsible for the observed NTE of BFCN
and BCYB. Thus, changes to the TEC of BFCN and BCYB can be driven by dehydration and hydration

phenomena affected by changes in environmental humidity.

3.4. High-temperature XRD analysis
The samples were also analysed by high-temperature XRD to investigate in more detail the thermal
expansion/contraction properties of the BFCN and BCYB structure. It is known that the TEC measured for

bulk materials and calculated from the crystal lattice size change are correlated and often similar, but not
10
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always interchangeable [17]. The high-temperature XRD scans were taken between 25 and 900°C to analyse
the thermo-dehydration effects (Fig.6-7). To highlight the TEC behaviour, Fig.7A-D shows the evolution of
prominent XRD peaks (peaks (110) and (200)) upon heating. All the remaining XRD peaks followed the same
trend. All the diffraction peaks for both samples shifted to higher angles on heating, from 25 to 200°C for
BFCN, and to 300°C for BCYB. This indicates lattice contraction and hence NTE for both compositions.
Structure refinement based on the Rietveld method was performed using the XRD data to obtain detailed
information about cell parameter changes. Fig.6 shows the dependence of unit cell edge, a, upon heating for
BFCN and BCYB. The range where NTE occurred (AT) is highlighted by the shaded area and was analogous to
that obtained from dilatometry.

The high-temperature XRD data for BCYB suggested that above room temperature, two similar perovskite
phases were present, consistent with the observations of extra features in the TEM data. While at room
temperature, the data could be fitted to a single cubic perovskite phase. At a higher temperature, a low angle
shoulder was observed on all peaks indicating a second cubic perovskite phase with slightly larger unit cell
size (these shoulders are indicated by “0” Fig.7C-D). Therefore, for this BCYB sample, two-cubic perovskite
phases were adopted for the refinement model, which gave a good fit to the data. The refinement results,
showing the cell size, and phase fraction between the bulk core phase A and the minor phase B that appeared
at elevated temperature, are presented in Fig.6B. The data show that both phases are present in the
temperature range of 100 to 600°C, but above this temperature, the peaks merge again, and a single main
phase is observed above 600°C. Phase A, with a smaller unit cell, was the dominant component in the whole
temperature range studied, with the highest proportion of the larger cell size B phase (up to 40%) in the
temperature range of 300 to 400°C. Interestingly, only the main phase A showed NTE (shrinkage of the cell
size in the temperature range 150 to 350°C). Phase B showed a general expansion on heating. Above 300°C,
both phases A and B showed an expansion in the unit cell size. The relative shrinkage step (phase A and B)
Aa/a0 calculated from the refined lattice constants was -3.3x103 (25-300°C) which is close to AL/LO -1.9x10°
3 (100-240°C) obtained from the dilatometer method. Since the XRD test was conducted under atmospheric
conditions with some humidity present, this could explain the small difference in the thermal expansion

behaviour and the small differences observed in the NTE zones relative to the dilatometer data.

11



©CO~NOOOTA~AWNPE

424 { = = (A) BFCN 4.14 4 (B) BCYB
— A
< AT=~150°C T ~ 0.8
fi’4_22 5412
i PN A 5
e u - P r 0635
8 © 410 1 o e
N420 g s g
= 2 oH— -A’A\A/ —— Phase A %
8 8408 —— Phase B (042
=418 = average phase
c
. >
4.08 0.2
416
T T T T 4.04 0.0
0 200 400 600 800 1000 0_ 200 800 1000
temperature [°C] AT=-250°C temperature [°C]

Fig.6. Change in lattice constants with temperature for (A) BaFeosC003Nbo.103.5 and (B) BaCoo.7Ybo.2Bio.103-s.
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Fig.7. Temperature-dependent XRD patterns; prominent peaks (110) and (200) for BaFesC003Nbo 1035 and
BaCoo.7Ybo2Bi0.103-5. Dashed green lines trace the shift of the peaks’ maximum with temperature. The NTE

range is highlighted in red.

In contrast to BCYB, BFCN remained cubic without peak splitting over the full temperature range, which
confirms that the initial NTE and subsequent PTE was isotropic. In the low-temperature region, the cell
volume was shown to decrease over a relatively broad temperature interval (AT of 175K), which was the
same range where the water release was observed from TGA. The shrinkage step Aa/a0 calculated from the
refined lattice constants was -24.6x102 (25-200°C). Above 250°C, PTE behaviour was observed, with a sharp

increase in the unit cell size, which coincided with the results from the dilatometry data shown in Fig.4A.
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3.5. Investigation into the effect of exposure to increased humidity
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Fig.8. XRD scans for (A) BaFeo sC003Nbp 103.5 and (B) BaCoo7Ybo 2Bin.103-5, at 25°C, a fresh sample and
exposed to dry and wet (p0,=0.20, pH,0=0.04 atm) air (100 ml min™*) for 336 h at 750°C.

For mixed conducting oxides, the stability of phases under SOC operating conditions is a big concern for
practical application as electrodes. To verify the phase stability, samples of BFCN and BCYB (1 g powder) were
heated at an elevated temperature of 750°C in dry (p0,=0.21) and wet (p0,=0.20, pH,0=0.04 atm) air (with
pCO; around 0.0004 atm). Since any degradation could take a long time to occur, the samples were heated
for a prolonged time of 336 h and then examined by XRD. After exposure to dry air (Fig.8 blue lines), the
peaks broadened and some split, such as the (200) and (211) reflections for the BFCN sample (Fig.8A). The
degradation behaviour in dry air showed the formation of a second cubic phase, rather than the generation
of new crystalline structures, especially for BFCN (Fig.8.A). These changes could be related to instabilities in
the perovskite phases due to their high tolerance values (the Goldschmidt tolerance factor for BFCN and
BCYB was above unity, with 1.07 and 1.06 respectively), as observed for BagsSrosCoo.sFeo.203-s (BSCF) heated
under similar conditions [48]. Heat treatment under wet conditions led to greater degradation for both
samples, with evidence of significant impurity phases (BaCoOss, and unknown phases) (Fig.8 green line).
Thus, the results suggest that the decomposition was catalysed by water at elevated temperatures.

As a result, it can be concluded that both samples BFCN and BCYB are unstable in SOC conditions and are

most likely not suitable for practical applications.

3.6. Microstructure - SEM scans

13
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Fig.9. SEM scans of fresh sintered samples: (A) BaFeq.6Coo3Nbo.103.sand (C) BaCog.7Ybo.2Bio.103-5; and samples
after exposure to humid air (p0,=0.20, pH,0=0.04 atm) at 750°C for 336 h: (B) BaFeo.cC00.3Nbg.103.5 and (D)

BaCoo.7Ybo.2Bio.103.5.

Fig.9A and C present the SEM scans of BFCN and BCYB (respectively) samples. The microstructure was porous,
composed of granular particles with an average size of 2 to 10 um. The particle size estimated from the SEM
scans was larger than the size estimated from TEM, which suggests that the grains were composed of several
crystallites.

EDS analyses did not reveal significant changes in elemental composition. Comparing the SEM images before
(Fig.9A and C) and after (Fig.9B and D) the exposure test, it is evident that the structure of both samples
changed after exposure to humid conditions at high temperature (p0,=0.20, pH,0=0.04 atm air, 750°C). The
surface of BCYB became rougher, and some particle sintering was also observed. The surface of the BFCN
sample showed the formation of the features (Fig.9B), which suggests an expulsion of some particles.

However, EDS scans did not indicate any significant change in composition.

4. Discussion

14
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The perovskites BFCN and BCYB were examined as potential air electrodes for SOC. However, they were both
unstable under SOC operating conditions, which indicates that they are not suitable as electrode candidates.
From the results, several hours of exposure to humid air at high temperature was enough to start the
degradation process of these perovskites. Previous reports [55,49] showing the decomposition of Ba
containing perovskite systems under air electrode conditions have suggested that CO, in addition to water is
responsible for the degradation. However, there was no evidence for the formation of BaCOs in the current
samples.

Studying the stability of such materials towards humidity is important as the materials employed as an SOC
air electrode system are exposed to air with up to 4% humidity. Moreover, in a proton-conducting SOC
system, the water concentration will be much higher than 4%, since the water feed occurs at the air
electrode. The water incorporation properties of perovskite systems and the mobility of these protons are
essential for the electrochemical performance of air electrodes working in proton-conducting SOFCs
However, most research on thermal expansion of SOC electrodes in literature concentrates on SOFC or SOE
operation. Therefore, information about proton-conducting electrodes is rare. Therefore, the results
presented here, showing water incorporation at low temperatures in these BFCN and BCYB systems, are
significant, highlighting that if related systems with improved moisture stability can be prepared, they may
be promising air electrode materials. Furthermore, the illustration that this subsequent water loss on heating
leads to apparent NTE can help with understanding features in TEC studies and the further development of
proton-conducting materials. The amount of water that can be incorporated depends on the concentration
of oxygen vacancies. However, the proton content is usually small, and so the expansion effect is negligible
for conventional air electrode materials. Therefore, the observed significant expansion/contraction due to
hydration/dehydration in the systems studied here is significant in helping to direct future work in this area.
Transition metal containing perovskites with NTE related to thermo-dehydration behaviour have to date not
been studied in detail.

The detailed examination of the thermal expansion characteristics is also significant, since, in the SOC related
literature, the change in cell size with temperature is usually reported as “thermal expansion” without
distinguishing between classic thermal expansion and the participation of chemical expansion. Our results
for BFCN and BCYB show that several phenomena overlap, leading to interesting variations in TEC from NTE
to PTE behaviour. Overall, the obtained TEC data upon heating showed the representative behaviour of:
typical thermal expansion (due to the inherent vibrational properties), chemical shrinkage (due to
dehydration), chemical expansion (due to the reduction of transition metal oxidation state) and chemical
contraction (due to the removal of oxide ion and oxygen vacancy formation — the smaller size of VJ*
compared to 0% [17]). The two contraction processes compete with the two expansion processes during the
heating. Additionally, the dehydration increases the oxygen vacancy concentration (1), and the concentration
of holes can also be affected (2). For the current samples, the majority of the dehydration reaction (1-3)

occurred in the low-temperature range of 100 to 240°C in the tested dry conditions. In humid conditions, the
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temperature of such changes was increased and could be as high as 700°C [41]. The volume contraction from
dehydration (replacing OH( defects with V/3®) and associated transition metal reduction overshadowed the
thermal expansion resulting in apparent NTE - under dry air conditions. The observed decrease in the
dimension due to water release has led some authors [56,57] to label this behaviour “pseudo-negative
thermal expansion®”.

While the BFCN and BCYB samples have the potential to become TCOs due to the oxygen nonstoichiometry
and the observed behaviour of water incorporation (hydration), there is a need to further improve the
moisture tolerance at a higher temperature for the tested samples to consider them for practical application.
Therefore, if the BCFN and BCTB stability can be improved, they can be considered as interesting candidates
for SOCs and particularly for proton-conducting cells, considering their ability to incorporate water. While
the water uptake potential for BFCN and BCYB was proven, the mobility of these protons needs to be
investigated to determine the potential as TOC electrode. Our plans include investigating whether the co-
substitution or increase in sintering temperature (as reported by Geng, Z., et al. [58]) can improve resistance
to degradation. In particular, it is possible that given the high calculated tolerance factors, these phases are
on the borderline between cubic and hexagonal perovskites. So future studies should investigate higher Fe

contents to try to improve the stability.

Conclusions

In conclusion, apparent NTE at low temperatures was observed for the perovskite phases BaFeoC003Nbo 103
s (BFCN) and BaCoo7Ybo.2Bio.1035 (BCYB) perovskites. An apparent NTE of o= -11.6x10° K over a AT 140K and
o=-17.3x10° K over a AT 110K, respectively, were obtained. Water desorption from the structure was found
to be responsible for the apparent NTE for both samples, which led to a contraction in the unit cell size and
hence the observed apparent NTE. The NTE was confirmed by dilatometry and XRD analyses. Further studies
of the impact of water on the stability of the BFCB and BCYB phases at SOC operating temperatures showed
that a moderate humidity level of 4% had a negative effect on the long-term stability of the tested perovskite
materials. Heat treatment under wet conditions led to degradation and formation of BaCoOs.s. Long exposure
to dry air resulted in the formation of a second cubic phase. The degradation was linked to the sintering of
particles observed by SEM. This instability suggests that these materials are not suitable for application as air
electrodes in SOCs. Nevertheless, their ability to incorporate water was significant and suggested work
should be directed to related systems (with higher Fe contents) to deliver samples with improved moisture
stability while preserving the ability to accommodate water. Such systems could then be the next generation
of SOC air electrode materials suitable for use with proton-conducting electrolytes. For BCYB there was the

interesting observation of two similar perovskite phases at elevated temperature.
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